Objective. The aim of this series was to determine whether cerebral blood flow velocities (CBFVs) in the anterior cerebral artery (ACA) and basilar artery (BA) correlate with the severity of asphyxia in infants and whether these velocity measures can be useful for predicting early developmental prognosis. Methods. We measured CBFVs in the ACA and BA by using pulsed Doppler sonography in 29 healthy and 17 asphyxiated infants (11 with mild asphyxia [median gestational age, 38 weeks; median birth weight, 2856 g] and 6 with severe asphyxia [38.5 weeks; 2910 g]). Results. In the mildly asphyxiated infants, the median diastolic and systolic velocities in the ACA were 10.4 and 32.5 cm/s, respectively, and those in the BA were 10.5 and 33.1 cm/sec. In the severely asphyxiated infants, the median diastolic and systolic velocities in the ACA were 19.8 and 40.5 cm/s, and those in the BA were 30.2 and 60.5 cm/s. The BA:ACA ratios (CBFV in the BA/CBFV in the ACA) in both the diastolic and systolic periods were higher in the severely asphyxiated infants than in the mildly asphyxiated infants (0.94 versus 1.35; P < .01; 1.01 versus 1.38; P < .01). Conclusions. These preliminary results suggest that CBFVs in the BA correlate with the degree of neonatal asphyxia and may be useful to predict the neurodevelopmental outcome. We submit that the increased CBFV in the BA may represent the preferential blood flow to the brain stem region.
he rapid advances in neonatal intensive care have decreased the incidence of infants with adverse neurodevelopmental outcomes; however, birth asphyxia is the major cause of hypoxic-ischemic brain injury in neonates born at term. [1] [2] [3] It is important to assess the severity of asphyxia to give adequate treatments and prevent brain damage. In addition to imaging findings from computed tomography, magnetic resonance imaging, and spectroscopy, cerebral sonography in the neonatal period can provide an early guide to the neurodevelopmental prognosis. The Doppler technique is a noninvasive method that can be used at the bedside without disturbing patients.
Previous studies have shown that the measurements of cerebral blood flow velocities (CBFVs) in the anterior cerebral artery (ACA) and middle cerebral artery are valu-able for predicting the neurodevelopmental outcome in infants with intrapartum asphyxia. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] However, little is known about cerebral blood flow in the basilar artery (BA) in asphyxiated infants. 15 The BA arises from the vertebral arteries and supplies the brain stem with oxygen-rich blood. Several authors have reported preferential blood flow increases to the brain stem regions in hypoxia. [18] [19] [20] [21] [22] [23] Therefore, measurement of the CBFV in the BA may be clinically important for treating asphyxiated infants. The aim of this series was to determine whether CBFVs in the ACA and BA correlate with the severity of asphyxia in infants and whether these velocity measures can be useful for predicting early developmental prognosis.
Materials and Methods
Seventeen term infants with perinatal asphyxia, defined as Apgar scores of less than 6 at 1 minute of life, and 29 infants without asphyxia were enrolled in this series (Table 1) . Pediatricians and pediatric neurologists followed development of the asphyxiated infants up to 3 years of age. According to neurodevelopmental outcomes, we divided the 17 asphyxiated infants into 2 groups: (1) the infants with normal development (mild asphyxia group, n = 11 [median gestational age, 38 weeks; median birth weight, 2856 g]) and (2) the infants with death or major neurodevelopmental problems, including cerebral palsy, mental retardation, and epilepsy (severe asphyxia group, n = 6 [38.5 weeks, 2910 g]). Some infants in the mild asphyxia group received mechanical ventilation (1/11) and anticonvulsant (2/11) and catecholamine (2/11) treatments during the study period. On the other hand, in the severe asphyxia group, all infants needed mechanical ventilation (2 depended on mechanical ventilation) and anticonvulsant and catecholamine treatments. Infants with severe asphyxia showed injuries to the subcortical white matter, parasagittal gray matter, or thalami and atrophy on magnetic resonance imaging studies. Infants with congenital brain malformations were excluded. A patent ductus arteriosus and other congenital heart diseases were not detected by pediatric cardiologists. The study had ethical approval from the Ethics Committee of Yokohama City University, and we obtained informed consent from our patients' family members.
The CBFV in the ACA was measured in front of the third ventricle, and the CBFV in the BA was measured in front of the pons. Measurements were made in a sagittal section through the sonic window of the anterior fontanelle without pressure provocation with a 5-MHz transducer and pulsed Doppler sonography (RT-5000; Yokogawa Medical Systems, Ltd, Tokyo, Japan). At the time of CBFV measurements, we used color flow imaging to localize the ACA and BA with angle Data are presented as median (range) or number (percent). *The Apgar score at 5 minutes was significantly lower in the severe asphyxia group (P < .05).
correction. We recorded stable waveforms repeatedly (3-4 times for each patient) and investigated the peak systolic velocity and enddiastolic velocity between 24 and 48 hours after birth ( Figure 1 ). The resistive index (RI) was calculated as an index of cerebrovascular resistance by the following formula: (peak systolic velocityend-diastolic velocity)/peak systolic velocity. 24 The BA:ACA ratio was calculated by the following formula: BA:ACA ratio = CBFV in the BA/CBFV in the ACA. Statistical analysis was performed with the Mann-Whitney U test. Differences were considered to be significant at P < .05.
Results
At the time of the CBFV measurements, no statistically significant differences in diastolic and systolic blood pressures, pH, PCO 2 , and base excess values were found between the mild and severe asphyxia groups (Table 1) . On cranial sonography, the patients showed brain edema; however, no severe intracranial hemorrhage was observed.
The median diastolic CBFV in the ACA was significantly higher in the severe asphyxia group than in the control and mild asphyxia groups (19.8 versus 10.2 cm/s; P < .05; 19.8 versus 10.4 cm/s; P < .005, respectively). There was no significant difference between the median CBFVs in the ACA in the severe asphyxia, control, and mild asphyxia groups (Table 2 ).
In the severe asphyxia group, the median diastolic and systolic CBFVs in the BA were significantly increased compared with the control group (30.2 versus 9.7 cm/s; P < .001; 60.5 versus 31.5 cm/s; P < .05) and the mild asphyxia group (30.2 versus 10.5 cm/s; P < .01; 60.5 versus 33.1 cm/s; P < .05, respectively). Two long-term ventilator-dependent patients had markedly increased CBFVs in the ACA and BA ( Table 2) .
The median RIs in the ACA and BA in the severe asphyxia group were significantly lower than those in the control group (0.52 versus 0.7; P < .001; 0.53 versus 0.72; P < .001) and mild asphyxia group (0.52 versus 0.65; P < .001; 0.53 versus 0.66; P < .001, respectively). There was no overlap between the RIs in the mild and severe asphyxia groups. However, the difference between the RIs in the ACA and BA in the severe asphyxia group was not significant (Table 2) .
Therefore, we calculated the BA:ACA ratio for evaluating the relationships between CBFVs in the ACA and BA. The BA:ACA ratio in the diastolic period ranged from 0.77 to 1.18 in the mild asphyxia group and from 1.10 to 2.22 in the severe asphyxia group. The median BA:ACA ratio in the diastolic period was significantly higher in the severe asphyxia group than in the control and mild asphyxia groups (1.35 versus 0.97; P < .005; 1.35 versus 0.94; P < .01). The BA:ACA ratio in the systolic period ranged from 0.83 to 1.20 in the mild asphyxia group and from 1.12 to 2.12 in the severe asphyxia group. The median BA:ACA ratio in the systolic period was significantly higher in the severe asphyxia group than in the control and mild asphyxia groups (1.38 versus 1.04; P < .005; 1.38 versus 1.01; P < .01). All BA:ACA ratios in the severe asphyxia group were 1.1 or higher. Moreover, markedly increased BA:ACA ratios (>1.6) were found in the patients who depended on long-term mechanical ventilation in the severe asphyxia group (Table 2 and Figure 2 ).
Discussion
Hypoxic-ischemic encephalopathy (HIE) frequently causes cerebral palsy, mental retardation, and epilepsy after neonatal asphyxia. For neonatologists, prediction of the neurologic outcome of HIE is a major problem during stays in neonatal nurseries and after discharge from hospitals. Previous studies have documented that significantly increased CBFVs and significantly decreased RIs in the ACA, BA, and middle cerebral artery are precise in predicting abnormal outcomes. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Archer et al 6 and Levene et al 7 reported that an abnormal Doppler signal with an RI below 0.55 in the ACA of asphyxiated neonates correlates with a poor neurodevelopmental prognosis. The reason for the state of cerebral hyperemia as "luxury cerebral perfusion" after ischemic brain injury may be the result of local vasodilation. 25 Our data also showed markedly decreased RIs in the severe asphyxia group. The RI may help separate mild and severe asphyxia groups.
This study showed several meaningful relationships between the CBFV measurements in the ACA and BA at 24 to 48 hours after birth and the later neurodevelopmental outcomes in cases of asphyxiated infants. As reported previously, our results also showed increased CBFVs in the ACA and BA in severely asphyxiated infants. In addition, the CBFV in the BA was significantly higher than the CBFV in the ACA. The median BA:ACA ratios in the diastolic and systolic periods were significantly higher in the severe asphyxia group than in the mild asphyxia group. All BA:ACA ratios in the severe asphyxia group were 1.1 or higher. Moreover, of the 6 patients in the severe asphyxia group, 2 with poor neurodevelopmental outcomes had markedly increased CBFVs in the BA compared with the ACA (1.6 times or higher). Our results suggest that the magnitude of the CBFV increase in the BA may be useful in evaluating the severity of brain damage and in predicting poor neurodevelopmental outcomes.
Previous studies documented that the blood flow within the brain was redistributed toward the brain stem at the expense of the cortical region, cerebrum, or choroid plexus during asphyxia. [18] [19] [20] [21] [22] [23] Lou et al 22 reported that referential perfusion of the vital structures of the brain stem may be mediated by an opioid-induced homeo- static mechanism. The BA supplies the brain stem with oxygen-rich blood. An increased CBFV in the BA may represent the blood flow redistributed toward the brain stem in severely asphyxiated infants. However, an increased velocity does not necessarily indicate an increased volume, and further study is needed. A limitation of this study was that we measured CBFVs in the ACA and BA of our patients within 48 hours of life once but not repeatedly after birth. Some investigators have indicated early changes (at 12 hours) in cerebral blood flow in asphyxiated infants. [13] [14] [15] However, other studies have reported increased CBFVs in severely asphyxiated infants by the second day of life. 6, 7, 12, 16 At the time of the CBFV measurements in this study (24-48 hours after birth), none of the neonates had hypotension that reduced cerebral blood flow. The principal pathogenetic mechanism underlying most neuropathologic conditions attributed to HIE is impaired cerebral blood flow.
3 Adequate blood pressure is needed for sufficient cerebral blood flow in infants.
9,26 More measurements should be obtained during a short period after birth when neonates tend to be clinically unstable. It is also necessary to clarify the role of changes in the CBFV in the BA of asphyxiated infants for a long time after birth. A second limitation is that we did not investigate preferential perfusion of the brain stem region in our severely asphyxiated infants. Additional studies showing the correlation between an increased blood flow velocity in the BA and preferential shunting to the brain stem are required. A third limitation was that the number of patients in this series, especially severely asphyxiated infants, was small. Further studies are needed to determine whether the CBFV measurement in the BA is an accurate tool for assessing the severity of neurologic insults after birth asphyxia.
In conclusion, these preliminary results suggest that blood flow velocities in the BA correlate with the degree of neonatal asphyxia and may be useful for predicting neurodevelopmental outcomes. It is possible that the increased CBFV in the BA may be associated with preferential blood flow to the brain stem region. However, additional studies in larger populations of infants are necessary.
